Congenital and progressive hearing impairment is a common distressing disease. The progressive dominant hearing loss DFNA28 in human is associated with a frameshift mutation of Grainyhead-like 2 (GRHL2) but its etiology and mechanism remain unknown.
INTRODUCTION
embryogenesis. An analysis of an American pedigree (LMG45) with dominant progressive nonsensory hearing impairment DFNA28 for the first time discloses an association of Grainyhead-like 2 (GRHL2) gene mutation with hearing loss (1) . The appearance of hearing loss in patients heterozygous for the GRHL2 mutation suggests a haploinsufficiency of GRHL2. Van Laer et al. (2008) demonstrated that several single nucleotide polymorphisms (SNPs) at the GRHL2 locus are associated with age-related hearing impairment (2) . However, it is still unclear how the mutation of GRHL2 causes hearing loss and whether Grhl2 is necessary for the vertebrate inner ear development.
Although the inner ear structures exhibit considerable diversities across vertebrate species, the molecular bases underlying inner ear development are relatively conserved (3) . The zebrafish is an excellent model organism to study the mechanisms of inner ear development for reasons such as large clutch size, embryonic transparency and easy genetic manipulations.
The zebrafish otic vesicles are comprised of sensory hair cells and other non-sensory epithelial cells. The integrity and barrier function of the otic epithelial cells are crucial to maintain the homeostasis of the otic lumen, the endolymph and the perilymph, which provides normal conditions required for the development of the inner ear structures, such as at sibcb on June 17, 2012 http://hmg.oxfordjournals.org/ Downloaded from otoliths, semicircular canals and hair cells as well as for the establishment of the mechanotransduction (4) . Deficiency of the tight junction components could disrupt the endolymph homeostasis, affect otolith growth and hair cell survival and cause deafness in zebrafish (5), mouse (6) (7) (8) and human (9, 10) due to increased paracellular permeability. Ion channels present in the membranes of the otic epithelial cells secrete ions and other components into the otic lumen and endolymph (11) ; and their abnormal functions can alter the endolymph homeostasis and disrupt otolith formation (12) (13) (14) (15) . Therefore, both junction proteins and ion channels in the otic epithelial cells are important for the homeostasis maintenance and inner ear development.
Members of the Grainyhead-like (Grhl) transcription factor family have been found to play essential roles in epithelial morphogenesis and epidermal development in several organs and tissues in flies (16, 17) , mice (18) (19) (20) (21) (22) (23) (24) , Xenopus (25, 26) and zebrafish (27) . These factors can regulate the epidermal barrier (19, 24, 28) and the expression of desmosomal cadherin (18) and apical junctional proteins in flies and mice (29, 30) . Despite the discovery of GRHL2 correlation to hearing loss in human (1, 2) , none of the Grhl family members have been found to be implicated in otic development and hearing in animals. It is worth generating an animal model of human GRHL2-related hearing loss for studying its underlying molecular mechanisms.
In a Tol2 transposon-mediated insertional mutagenesis in zebrafish (31, 32) , we identified a mutant line, grhl2b T086 , which carries the transposon element in the grhl2b locus. The homozygous embryos exhibit enlarged otic vesicles, decreased or eliminated otoliths and malformed semicircular canals. Behavioral and electrophysiological studies suggest that the hearing and balance system is severely disrupted in the mutants. Mechanistically, grhl2b may regulate the differentiation of otic epithelial cells by directly promoting the expression of cldnb and epcam in the otic vesicles. wild-type and heterozygous siblings had grown into the otic lumen ( Figure 1L ), while the protrusions in the severe mutants just began to outgrow at this time ( Figure 1M ). At 5 days postfertilization (dpf), the hubs of the semicircular canals in the inner ears of the wild-type and heterozygous larvae exhibited regular shapes ( Figure 1N ); in contrast, those in the severe mutants sprouted arbitrary spikes or even discontinuous canals ( Figure 1O ). These data suggest that the transposon insertion disrupts the normal development of the inner ear and affects otolith and semicircular canal growth.
The viability of mutants was comparable to that of wild-type and heterozygous embryos in the first five days of development. After 8 dpf, the survival rate of mutants started decreasing; and only about 72% of mutants could survive after 1 month under normal feeding conditions, which contrasted with a survival rate of 95% for heterozygous siblings. This decreased surviving rate might be caused by dietary deficiency due to the defective balance system of mutants (33) . Surviving adult mutants were fertile, but mutant males had difficulties chasing females due to a swimming problem, as described below. To test the hearing ability, we performed electrophysiological experiments to record the excitatory postsynaptic currents (EPSC) in the Mauthner cells (M-cell) of 5 -6 dpf larvae.
Severe mutant embryos were selected at 54 hpf and then used for the assays at 5 -6 dpf. Both wild-type and heterozygous siblings showed robust EPSC in the M-cells after the sound stimulation ( Figure 2A ) and the amplitudes and the total charges between the two groups of larvae were statistically indistinguishable under different sound intensities (p>0.11, Figure 2B and C). However, the sound stimulation induced little EPSC in the M-cells of the severe mutant larvae (Figure 2A ). Compared to wild-type and heterozygous siblings, the severe mutants exhibited significant decrease in the amplitudes and total charges when the sound intensity was above 14 dB (p <0.005, Figure 2B , C). These data indicate that the hearing of the severe mutants was severely impaired.
To further confirm the impairment of hearing, we tested the fast escape reflex, the C-shaped startle response mediated predominately by M-cells (35) , using near-field pure tone stimulation with two different levels of sound intensity (36) . Consistent with the electrophysiological results, the probability of the C-startle response (see the Methods for definition) between wild-type and heterozygous larvae was indistinguishable for either sound intensity (p=0.57 for weak intensity and p=0.44 for strong intensity). Although the probability The insertion of the Tol2 transposon element into the grhl2b locus would produce a fused transcript containing the first exon of grhl2b and the EGFP coding sequence ( Figure 3B ).
Because the putative translation start codon of grhl2b was located in the first exon and was in frame with the EGFP coding sequence, the fusion transcript was predicted to code for a fusion protein containing the first six amino acid residues of Grhl2b. To confirm the existence of the fusion construct, we performed reverse transcription-PCR (RT-PCR). We found that the fusion transcript (using the primer set f1/r4) was detected only in the heterozygotes and homozygotes, while the wild-type transcript (using primer set f1/r3) was undetectable in the homozygotes ( Figure 3C ). Real-time RT-PCR indicated that the expression level of the wild-type grhl2b transcript in 24-hpf heterozygotes and homozygotes decreased to 72% and 1.4% of that of wild-type embryos, respectively ( Figure 3D ). Taken together, these data suggest that the transposon insertion in grhl2b T086 embryos disrupts normal splicing of grhl2b primary transcript and consequently leads to a dramatic reduction of the level of normal grhl2b transcripts.
We next investigated the expression of grhl2b by whole-mount in situ hybridization using an antisense probe against the grhl2b transcript downstream of the transposon insertion site.
The expression pattern of grhl2b in wild-type embryos ( Figure 3E -H), which resembled the pattern reported previously (27) , was almost identical to the EGFP pattern in grhl2b T086 embryos ( Figure 1A -C). The expression level of grhl2b in grhl2b T086 heterozygous embryos was slightly reduced ( Figure 3I ), but dramatically reduced or abolished in homozygotes ( Figure 3J and K). These results confirm that the interrupted gene in grhl2b T086 line is grhl2b.
grhl2b is required for inner ear development
To confirm the implication of grhl2b in inner ear development, we examined the effect of grhl2b knockdown by a morpholino in zebrafish embryos with a focus on otoliths for easy observation. We initially noted extensive cell death at 24 hpf after morpholino injection at the one-cell stage, and therefore we co-injected grhl2b morpholino with p53-MO to avoid off-target activation of p53 gene (38) . As shown in Figure S4 , a grhl2b-specific morpholino at sibcb on June 17, 2012 http://hmg.oxfordjournals.org/ Downloaded from (G2MO) targeting the ATG region of grhl2b mRNA efficiently repressed EGFP expression of grhl2b T086 embryos, whereas a mismatch control morpholino (G2cMO) did not, which suggests effectiveness and specificity of G2MO. Compared to uninjected or G2cMO-injected embryos, G2MO-injected wild-type embryos exhibited significantly enlarged otic vesicles and size-reduced or eliminated otoliths ( Figure 4A ). To better illustrate the effect of grhl2b knockdown, we calculated the ratio of embryos in different categories at 36 -40 hpf ( Figure   4B ). As the G2MO injection dose increased, ranging from 0.5 to 2 ng, the proportion of injected wild-type embryos with tiny and absent otoliths rose ( Figure 4C ). The distribution of different categories after injection with 2 ng G2MO resembled that of grhl2b T086 mutants ( Figure 4C ). We also individually knocked down grhl1, grhl2a and grhl3, the other members of the Grainyhead-like family, and did not find otic defects (data not shown). These results support the notion that grhl2b is crucial for inner ear development.
To confirm the accountability of grhl2b deficiency for otic defects of grhl2b T086 mutants,
we tested whether injection of synthetic wild-type grhl2b mRNA could rescue the mutant phenotype. One-cell embryos derived from crosses between grhl2b T086 homozygous females and heterozygous males were injected with 200 pg of zebrafish grhl2b mRNA, and homozygous mutant embryos were sorted based on EGFP intensity at around 24 hpf and classified based on the otolith size at 36 -40 hpf as mentioned above. Compared to 87.9%
(58/66) of uninjected mutants with tiny or absent otoliths, only 11.9% (7/59) of grhl2b-injected mutants fell into those two categories while 66.1% (39/59) had otoliths of normal size ( Figure 4D ). Apparently, overexpression of zebrafish grhl2b mRNA in mutant embryos was able to effectively rescue otolith defects. We noted that the same dose of grhl2b mRNA injection into wild-type embryos resulted in unaltered or slightly reduced otic volumes (data not shown). These observations confirm that the defects in inner ears of grhl2b T086 are caused by grhl2b deficiency. Since a mutation of the human GRHL2 gene has been reported to be associated with the dominant progressive hearing impairment DFNA28 (1), we hypothesized that mammalian Grhl2 may play a role similar to fish Grhl2b in inner ear development. To test this, we injected human GRHL2 or mouse Grhl2 mRNA into grhl2b T086 mutant embryos at the one-cell stage. Like ectopic zebrafish grhl2b, human or mouse Grhl2 expression in mutants rescued the otolith defect ( Figure 5B ). This result implies that the role of Grhl2 in inner ear development is conserved across vertebrate species. In human progressive deafness DFNA28, the 1609-1610insC frameshift mutation of GRHL2 causes a premature stop codon, resulting in a protein lacking the C-terminal dimerization domain ( Figure 5A ) (1) . Overexpression of the corresponding human mutant GRHL2 mRNA, GRHL2m, in grhl2b T086 mutant embryos failed to rescue the otolith defects. This suggests that the GRHL2 mutation in DFNA28 patients is a loss-of-function mutation.
grhl2b deficiency does not affect otic patterning and hair cell development
In order to clarify the molecular mechanism underlying the function of grhl2b in otogenesis, we first examined the expression pattern of marker genes involved in otic at sibcb on June 17, 2012 http://hmg.oxfordjournals.org/ Downloaded from patterning in grhl2b T086 mutant embryos. The expression of the medial marker pax2a, the dorsal marker dlx3b and the anterior marker foxj1b in the otic vesicle was unaltered in mutant embryos ( Figure S6 ). The expressions of otomp and starmaker (stm), two matrix protein genes required for otolith formation (40, 41) , were also unaffected in the mutant embryos ( Figure S6 ). These data suggest that otic patterning and specification are normal in mutants.
Next, we examined otic hair cells that play essential roles in the development and function of the inner ear. The expression of hair cell marker atp1b2b ( Figure S7A ) and kinocilium growth, cldnb and epcam are down-regulated in otic vesicles of grhl2b T086 mutants
To identify the downstream molecules of Grhl2b, we searched and examined markers co-expressed with grhl2b, focusing on junction proteins since Grainyhead-like family members have been shown to be involved in epithelial adhesion (18, 29, 42) . Consequently, we found that the expression of the apical junction protein gene claudin-b (cldnb) disappeared in the otic vesicles of mutants at 24 hpf, but its expression in other domains was retained with decreased levels ( Figure 6A ). The expression of epcam encoding a basolateral junction protein was severely reduced in mutant embryos ( Figure 6A ). In contrast, the otic expression of several other Claudin family members, including cldna, cldnj and cldn7, appeared normal or slightly decreased ( Figure S8 ). Given that embryos deficient for Epcam showed abnormal apical junctional complexes (AJCs) in cells of the enveloping layer (43), we further investigated the integrity of the otic epithelial AJCs in grhl2b T086 mutants. The membranous localization of β-catenin and the apical localization of the tight junction protein ZO-1 appeared normal in mutant otic epithelial cells ( Figure 6B-C) . However, the length of otic epithelial AJCs of 24-hpf mutants, as detected by transmission electronic microscopy, exhibited a dramatic decrease compared to their wild-type siblings ( Figure 6D ). Interestingly, the length of the epidermal AJCs covering the otic vesicles in mutant embryos was comparable to that in wild-type embryos ( Figure 6D ). These data indicate that loss of Grhl2b affects the AJCs of the otic epithelial cells specifically.
We further investigated the essential role of grhl2b in cldnb and epcam expression using 
Tol2(cldnb-mut:EGFP). In Tg(cldnb-mut:EGFP) transgenic embryos, EGFP expression was
undetectable in the otic vesicles but retained in other domains at 30 hpf, suggesting that the Grhl2b binding site in the cldnb promoter is essential for specific expression of cldnb in otic vesicles. Furthermore, the otic expression of EGFP in Tg(cldnb:EGFP) transgenic embryos was specifically abolished when grhl2b was knocked down ( Figure 7C ). Taken together, these results indicate that Grhl2b directly regulates cldnb and epcam transcription in otic vesicles and the Grhl2b-binding site in the cldnb promoter is essential for cldnb expression.
DISCUSSION
In this study, we generated the zebrafish grhl2b-deficient line grhl2b T086 by Tol2 The Drosophila Grainyhead/Elf -1 is the founding member of the Grainyhead-like transcription factor family and its mutation results in embryonic lethality with defects in head skeleton and cuticular structures (17) . Later on, three homologues of Grainyhead, Grainyhead-like 1, Grainyhead-like 2 and Grainyhead-like 3, have been identified in vertebrate species (45) (46) (47) ). An autosomal dominant form of progressive nonsyndromic sensorineural hearing loss in a large American family, which shows varying degrees of severity and variable age of onset among the affected individuals, has been shown to be linked with a single nucleotide insertion (1609-1610insC) in the coding region of the GRHL2 locus that ultimately results in a truncated form of GRHL2 (1) . A recent association study revealed that several SNPs at the GRHL2 locus are associated with age-related hearing impairment and the SNPs presumably change the expression level of this gene (2) . In mouse Grhl2-knockouts, however, abnormal development of the inner ear and hearing inability are not observed probably due to embryonic lethality occurring around day E11.5 (30, 48) . In this study, we report that zebrafish grhl2b T086 mutant embryos exhibit inner ear defects with variable expressivity among individuals. Thus, this mutant line becomes the first animal model of the human progressive hearing loss DFNA28, and can be used to further study the mechanisms underlying GRHL2-associated deafness. The mammalian model could be generated by conditionally knocking out Grhl2 in the otic epithelial cells of mice, which will help understand the role of Grhl2 in mammalian inner ear development.
Zebrafish grhl2b is expressed in the otic vesicles, olfactory placodes, pharyngeal arches, pronephric ducts and other tissues/organs during embryogenesis. However, developmental abnormalities in the grhl2b-deficient mutant embryos appear restricted to the inner ears in the We found that Grhl2b is required for the expression of cldnb and epcam, both of which encode junction proteins. A previous study showed that a mutation in the zebrafish epcam locus causes expanded otocysts and reduced otoliths (43) , which is similar to the 
MATERIALS AND METHODS

Zebrafish strains and transgenesis
The zebrafish AB line was used in this study. For Tol2 transposon-based insertional mutagenesis, the transposon vector TSG was modified from a previous vector, T2BGS (32, 52) , by replacing the Tol2 element with shorter ones from pDestTol2pA2 (53) . Two TGA stop codons upstream of the EGFP sequence were introduced into the two reading frames that were different from the EGFP frame to terminate unwanted translations. Injection of TSG DNA and transposase mRNA, screening of gene trapping lines and identification of mutant lines were carried out as previously described (31) . grhl2b T086 line, one of the trapped lines, was maintained by crossing the heterozygotes with wild-type fish to avoid inbreeding depression.
To obtain more homozygous embryos for analyses, homozygous females were mated to heterozygous males. Stronger EGFP fluorescence of homozygous embryos allowed their separation from heterozygous embryos (weak EGFP).
For cldnb promoter analysis, a sequence located between -2305 and +37 bp of the cldnb locus was amplified by PCR, and first cloned into the pEGFP-N3 vector. Then the expression cassette was subcloned into the vector pT2AL200R150G (54) 
TAIL-PCR, RT-PCR and 5' RACE
The thermal asymmetric interlaced PCR (TAIL-PCR), reverse transcription PCR and real-time PCR were performed as previously described (31, 52). 5' RACE was performed using the FirstChoice® RLM-RACE Kit (Ambion) according to the manufacturer's instructions. Sequence information of all primers used in this study will be provided upon request.
Chromatin immunoprecipitation
Wild-type and Tg(hsp70:grhl2b-EGFP) embryos were heat-shocked at 20 hpf and collected at 24 hpf for chromatin precipitation with anti-GFP antibody (7G9, Abmart Inc.). ChIP experiments were performed as previously described (55) . To amplify the regions surrounding the putative Grhl2b binding site ( Figure 7A ) from the precipitated chromatin, the following primers were used: cldnb-forward (5'-GAACAGACATGCCTGAGCAATGG-3'), 
Transmission electronic microscopy
Embryos at 28 hpf were fixed with 2.5% glutaraldehyde and 1% OsO 4 followed by dehydration with graded ethanol solution and acetone. Then, embryos were filtered and embedded with Epoxy resin 812. The inner ears were sectioned at the sagittal plane.
Morpholinos and mRNA injection
Three morpholinos were used in this study: G2MO1
(5'-CTGTGACATATTTCTCTTCCTCCGC-3'), which targets the translational starting region of zebrafish grhl2b; the control morpholino G2cMO 
